Objectives. This study sought to examine the prognostic importance of chronotropic incompetence among patients referred for stress echocardiography.
Chronotropic incompetence is an attenuated heart rate response to exercise that has been shown to be independently predictive of mortality and coronary heart disease risk in healthy populations even after adjusting for age, physical fitness, standard cardiovascular risk factors and ST-segment changes with exercise (1) (2) (3) (4) . In the clinical setting, chronotropic incompetence is felt to decrease the accuracy of noninvasive imaging tests, like stress echocardiography, regarding diagnosis of significant obstructive epicardial coronary artery disease (5, 6) . It is not clear whether chronotropic incompetence is independently predictive of outcome among patients referred for stress testing once the presence or absence of myocardial ischemia is accounted for.
The purpose of this study was to examine the association between chronotropic incompetence and myocardial ischemia and to determine the ability of chronotropic incompetence to predict prognosis among a cohort of consecutive patients referred for exercise treadmill echocardiography in a single academic center. We also assessed the separate and combined prognostic relations of chronotropic incompetence and echocardiographic myocardial ischemia to death or major coronary artery disease events.
Methods
Study sample. Consecutive patients referred for symptomlimited exercise echocardiography at the Cleveland Clinic Foundation between September 1990 and December 1993 were considered potentially eligible for analysis if they were not taking beta-adrenergic blocking agents at the time of the exercise test. Other exclusion criteria included major valvular or congenital heart disease and referral for heart transplant or arrhythmia evaluation. All subjects gave informed consent before undergoing exercise echocardiography.
Clinical data. Before exercise testing, a structured interview and chart review yielded data on symptoms, medications, coronary risk factors, prior cardiac events and a number of cardiac and noncardiac diagnoses. Resting hypertension was defined as a resting systolic blood pressure Ն140 mm Hg, a resting diastolic blood pressure of Ն90 mm Hg or treatment with antihypertensive medications (7) . Assessment of diabetes was based on chart review, questioning and medication use.
Exercise testing. Exercise testing procedures in our laboratory have been described in detail elsewhere (8, 9) . Treadmill testing was carried out according to standard protocols, usually Bruce or modified Bruce (10, 11) . To facilitate estimation of exercise capacity, leaning on handrails during exercise was explicitly not allowed. During each stage of exercise, data on symptoms, rhythm, heart rate, blood pressure (by indirect arm-cuff sphygmomanometry), estimated work load in metabolic equivalents (METs) and ST segments were collected and entered on-line. Estimated functional capacity in METs was estimated from standard published tables (11) based on protocol and total time completed in the final stage; a MET is a measure of oxygen consumption equal to 3.5 ml/kg/min, which represents basal, resting metabolic needs. When ST segments were interpretable, an ischemic response was considered present if there was Ն1 mm of horizontal or downsloping ST-segment depression 80 ms after the J-point or if there was Ն1 mm of additional ST-segment elevation in leads without pathologic Q waves. If a patient had more than one treadmill exercise echocardiogram performed during the study period, only the first one was considered for analysis.
Chronotropic incompetence was first assessed as failure to achieve 85% of the age-predicted heart rate. This method may be confounded by effects of age, physical fitness and resting heart rate, so chronotropic response was also assessed by calculating the ratio of heart rate reserve (HRR) used to metabolic reserve (MR) used at peak exercise; this chronotropic index has been described in detail elsewhere (1, 12) . Briefly, for any given stage of exercise the percent MR used is:
%MR used ϭ ͓͑METs stage Ϫ METs rest ͒/͑METs peak Ϫ METs rest ͔͒ ϫ 100.
In an analogous fashion, the percent HRR used is:
%HRR used ϭ ͓͑HR stage Ϫ HR rest ͒/͑220 Ϫ age Ϫ HR rest ͔͒ ϫ 100.
In a group of healthy, nonhospitalized adults, the ratio of percent HRR used to percent MR used during exercise was approximately one (95% confidence interval [CI] 0.8 to 1.3). Thus, chronotropic incompetence can be defined as a percent HRR used to percent MR used ratio of Ͻ0.8; this will be referred to as a low chronotropic index. The advantage of using this approach to assess chronotropic response is that it accounts for age, functional capacity and resting heart rate; it is not merely a reflection of physical fitness or exercise time.
One problem with this method is that, except for patients undergoing sophisticated gas-exchange analyses, exercise capacity in METs is estimated and not directly measured. Because all patients in this study underwent symptom-limited testing, we chose to consider the ratio of HRR used to MR used at peak exercise, when by definition the proportion of MR used has a value of one. Thus, using this approach, the chronotropic index is based entirely on directly measured variables, namely resting heart rate, peak heart rate and age (13) . Because the value of the chronotropic index is independent of stage of exercise considered, this measure takes into account effects of functional capacity as well (12) .
Echocardiography. Exercise echocardiographic techniques used at the Cleveland Clinic have been described elsewhere (9) . Resting and immediate postexercise images were obtained in the left lateral decubitus position using standard ultrasound imaging equipment. Images were obtained in the parasternal long-and short-axis and apical four-and two-chamber views. Data were stored on VHS videotape and also on floppy and optical disks after on-line digitization. Digital and videotape images were interpreted irrespective of image quality on the same day as the examination and were interpreted by echocardiographers who were unaware of the clinical and exercise data and of the hypothesis of this study. A standard 16-segment model of the left ventricle was used to assess for ischemia and scar. Left ventricular (LV) mass was estimated using the Penn convention (14) . Echocardiographic myocardial ischemia was considered present if new or worsening wall motion abnormalities were noted in the postexercise images. Echocardiographic myocardial scar was identified by resting akinesia or dyskinesia.
Follow-up and end points. Patients were followed for a mean of 41 Ϯ 13 months; those who underwent revascularization within the first 3 months after exercise echocardiography were considered censored. The primary end point was a composite of either death from any cause, nonfatal myocardial infarction, unstable angina or late revascularization. All end points were assessed by clinic review, telephone contact and review of records by reviewers who were unaware of exercise echocardiographic results and of the hypothesis of this study. Myocardial infarction was identified by physicians caring for the patient on the basis of clinical symptoms, electrocardiogram changes and cardiac enzyme elevations. Unstable angina was defined as angina at rest or progressive angina requiring hospitalization. Late revascularization was defined as either coronary bypass grafting or percutaneous revascularization occurring more than 3 months after the stress echocardiogram.
Statistical analyses. For analyses of baseline and exercise characteristics, subjects were divided into two groups according to ability to reach at least 85% of the age-predicted maximum heart rate on the basis of the equation 220 minus age in years. Comparisons among groups on continuous variables Abbreviations and Acronyms CI ϭ confidence interval HRR ϭ heart rate reserve LV ϭ left ventricular MET ϭ metabolic equivalent MR ϭ metabolic reserve NYHA ϭ New York Heart Association OR ϭ odds ratio RR ϭ relative risk were made using the Student t test for normally distributed variables and the Wilcoxon rank-sum test for other variables; comparisons on categorical variables were performed with the chi-square and Fisher-exact tests, as appropriate. Chronotropic variables were related to echocardiographic myocardial ischemia and scar by calculation of unadjusted odds ratios (ORs) and CIs. To assess for possible effects of confounding while minimizing the risk for model overfitting, stepwise forward logistic regression techniques were used that required a p value of Ͻ0.05 for entry of covariates into models. Potential confounders considered included age; sex; standard cardiovascular risk factors; LV mass; LV ejection fraction; pathologic Q waves; New York Heart Association (NYHA) class; use of calcium channel blocking agents; digoxin, angiotensin-converting enzyme inhibitors and nitrates; and a history of congestive heart failure or chronic lung disease.
Chronotropic variables were related to time free of major events using log-rank chi-square statistics for unadjusted analyses, and stepwise forward Cox proportional hazards (15) analyses for multivariate analyses. Potential confounders considered included age; sex; standard cardiovascular risk factors; LV mass; echocardiographic myocardial ischemia; LV ejection fraction; pathologic Q waves; NYHA class; use of calcium blockers, digoxin, angiotensin-converting enzyme inhibitors and nitrates; and a history of congestive heart failure or chronic lung disease. Because only some patients underwent coronary angiography, angiographic findings were not considered in multivariable models. In secondary analyses subjects were divided into four groups according to exercise echocardiography results (ischemia/no ischemia) and chronotropic response (normal/abnormal). Cumulative incidence curves were calculated in each group using the Kaplan-Meier product-limit method.
All analyses were performed using version 6.12 of the SAS statistical package (SAS Institute, Cary, North Carolina).
Results
Baseline and exercise characteristics. There were 146 men and 85 women who were eligible for analyses. Of these 231 subjects, 42 (18%) failed to reach at least 85% of their age-predicted maximum heart rate, whereas 80 (35%) had a low chronotropic index-that is, they used up less than 80% of their HRR at the end of exercise.
Baseline characteristics of the study subjects according to ability to reach at least 85% of the age-predicted maximum heart rate are summarized in Table 1 . Patients who failed to reach this heart rate were older; were more likely to be using calcium channel blockers, digoxin or nitrates; and were more likely to have a history of congestive heart failure or chronic lung disease; they tended to have a slightly lower ejection fraction.
Exercise characteristics according to ability to reach target heart rate are summarized in Table 2 . Patients who failed to reach their target heart rate were more likely to experience angina during exercise and had a lower exercise capacity. As expected, the chronotropic index was much lower among the patients who failed to reach their target heart rate (0.53 vs. 0.94, p Ͻ 0.0001).
Exercise heart rate response and wall motion abnormalities. Echocardiographic evidence of myocardial ischemia was noted in 59 patients (25%), whereas evidence of myocardial scar was noted in 49 (21%). Failure to achieve at least 85% of the age-predicted maximum heart rate was associated with echocardiographic myocardial ischemia (41% vs. 22%, unadjusted OR 2.48, 95% CI 1.22 to 5.04, p ϭ 0.01) and tended to be associated with echocardiographic myocardial scar (33% vs. 19%, OR 2.03, 95% CI 0.96 to 4.32, p ϭ 0.06). A low chronotropic index was similarly associated with echocardiographic myocardial ischemia (35% vs. 21%, OR 2.07, 95% CI 1.13 to 3.79, p ϭ 0.02), but only tended to be associated with echocardiographic myocardial scar (27% vs. 19%, OR 1.61, 95% CI 1.61 to 3.07, p ϭ 0.15).
After adjusting for possible confounders (as listed earlier), failure to achieve 85% of the age-predicted maximum heart rate tended to be associated with echocardiographic myocardial ischemia (adjusted OR 2.28, 95% CI 0.94 to 5.53, p ϭ 0.06). When considered as a continuous variable, the percent of the age-predicted maximum heart rate achieved was not associated with echocardiographic myocardial ischemia. A low chronotropic index tended to be associated with echocardiographic myocardial ischemia (adjusted OR 1.93, 95% CI 0.96 to 3.90, p ϭ 0.07). When considered as a continuous variable, the chronotropic index was not associated with a greater likelihood of echocardiographic myocardial ischemia. Other variables that were independently associated with echocardiographic myocardial ischemia were LV ejection fraction (p Ͻ 0.0001), use of calcium channel blockers (p ϭ 0.002) and use of digoxin (p ϭ 0.04). There were no associations between exercise heart rate parameters-considered as dichotomous or continuous variables-and echocardiographic myocardial scar after adjusting for possible confounders. Exercise heart rate and major events. During a mean follow-up of 41 months there were 41 patients who had major events, including 7 with cardiac death, 5 with noncardiac death, 3 with nonfatal myocardial infarction, 10 with unstable angina, 5 with late coronary artery bypass surgery and 11 with late percutaneous myocardial revascularization. Patients who failed to reach 85% of their age-predicted maximum heart rate were more likely to experience major events, as noted in Figure 1 (log-rank chi-square ϭ 8, p ϭ 0.005). Similarly, patients who had a low chronotropic index (Fig. 2) were more likely to experience major events (log-rank chi-square ϭ 9, p ϭ 0.004).
In unadjusted proportional hazards models, failure to reach 85% of the age-predicted maximum heart rate was associated with risk of events (unadjusted relative risk [RR] 2.47, 95% CI 1.28 to 4.79, p ϭ 0.007); similarly, the proportion of the age-predicted maximum heart rate achieved, when considered as a continuous variable, was predictive of events (for a 1-SD increase, RR 1.82, 95% CI 1.55 to 2.13, p ϭ 0.0002). Analogously, a low chronotropic index was associated with risk of events (unadjusted RR 2.44, 95% CI 1.31 to 4.55, p ϭ 0.005); similarly, the chronotropic index considered as a continuous variable was predictive of events (for a 1-SD increase, RR 1.65, 95% CI 1.42 to 1.92, p ϭ 0.001).
Supplementary analyses were performed that considered only cardiac end points, namely, cardiac death, nonfatal myocardial infarction, unstable angina and late revascularization. There were 36 patients who had these events. Failure to reach 85% of the age-predicted heart rate was predictive of these events (RR 3.03, 95% CI 1.53 to 6.02, p ϭ 0.0002), as was a low chronotropic index (RR 2.67, 95% CI 1.36 to 5.21, p ϭ 0.004).
Because the exercise heart rate response was strongly associated with calcium channel blocker use (Table 1) , other supplementary analyses were performed that focused on patients who were not taking these drugs. In this subset of 149 patients the proportion of the age-predicted maximum heart rate achieved, when considered as a continuous variable, was predictive of events (for a 1-SD increase, RR 1.99, 95% CI 1.46 to 2.72, p ϭ 0.03), but failure to reach 85% of the predicted heart rate, considered as a dichotomous variable, was not predictive. Chronotropic index considered as a continuous variable was predictive of events (for a 1-SD increase, RR 1.88, 95% CI 1.41 to 2.49, p ϭ 0.03); similarly, a low chronotropic index, considered as a dichotomous variable, was predictive of events (RR 2.85, 95% CI 1.10 to 7.38, p ϭ 0.03).
Multivariate analyses. After adjusting for possible confounders (as listed earlier), failure to achieve 85% of the age-predicted maximum heart rate remained predictive of Other variables that were independently predictive of events were hypertension (p ϭ 0.002), LV ejection fraction (p ϭ 0.02), the presence of pathologic Q waves (p ϭ 0.03), echocardiographic myocardial ischemia (p ϭ 0.02) and angiotensin-converting enzyme inhibitor use (p ϭ 0.005).
Exercise heart rate, echocardiographic myocardial ischemia and events. In further analyses patients were stratified according to exercise heart rate responses and the presence or absence of echocardiographic myocardial ischemia. Patients who had normal heart rate response and no ischemia were at very low risk for events, whereas patients who had one or both abnormalities were at increased risk (Figures 3 and 4) . In age-adjusted Cox regression analyses (Table 3) , the combination of failure to reach 85% of the age-predicted maximum heart rate and echocardiographic myocardial ischemia was associated with a very high risk for events (adjusted RR 6.87); analogously, patients with both a low chronotropic index and echocardiographic myocardial ischemia (Table 4) were at very high risk (adjusted RR 7.05).
In separate analyses no interactions between exercise heart rate responses and myocardial ischemia were noted regarding prediction of major events.
Discussion
In a cohort of consecutive patients referred for stress echocardiography at a single center, chronotropic incompetence was predictive of subsequent death or major cardiovascular events. Both failure to achieve 85% of the age-predicted heart rate and a low chronotropic index were associated with adverse risk profiles and were weakly associated with echocardiographic myocardial ischemia; nonetheless, even after adjusting for potential confounders in stratified and multivariate analyses, chronotropic incompetence was independently predictive of risk. There were no interactions noted between exercise heart rate responses and echocardiographic myocardial ischemia; thus, their prognostic impacts were additive but not synergistic. The combination of chronotropic incompetence, especially when assessed by a low chronotropic index, and echocardiographic myocardial ischemia was not uncommon and was associated with a particularly high risk for events.
Chronotropic responses and myocardial ischemia. Exercise stress testing, whether based on electrocardiographic, nuclear or echocardiographic techniques, relies on the development of a sufficient work load to produce evidence of ischemia in the presence of significant obstructive epicardial coronary artery disease (16, 17) . Previous groups have focused on the decreased ability of stress imaging to accurately diagnose coronary artery disease in the presence of a submaximal heart rate response (6, 18) . Furthermore, it has been reported that the ability of exercise imaging to identify very low risk subsets is compromised when the heart rate response is attenuated (19) . This study expands on these findings in three important respects: (1) chronotropic incompetence was associated with a greater likelihood of myocardial ischemia, although only to a mild degree; (2) despite this association, chronotropic incompetence was itself identified as an important and independent predictor of prognosis; and (3) chronotropic incompetence identified a group of patients with echocardiographic myocardial ischemia who are at particularly high risk and therefore arguably deserving of very aggressive investigation and treatment.
It has been reported that chronotropic incompetence predicts events even after considering ST-segment changes (1), which are useful though imperfect markers of myocardial ischemia (17) . This study expands on these findings by taking into account effects of myocardial ischemia as assessed by an imaging technique, echocardiography, which is more accurate than electrocardiography (20) . Furthermore, this study demonstrates the applicability of methods previously used in a population-based cohort, namely the Framingham Heart Study, to a clinical cohort, namely a stress echocardiography laboratory in an academic medical center. It could be argued that our findings are merely a reflection of the association between poor exercise capacity and adverse outcome, particularly among patients whose exercise capacity is primarily limited by a heavy ischemic burden (21) . The chronotropic index, however, is a measure of heart rate response that already accounts for effects of age and exercise capacity, and thus represents an isolated measure of chronotropy that provides prognostic information beyond that of functional capacity (1, 12) . Thus, the strong and independent association between a low chronotropic index and adverse events represents more than just the serious implications of ischemia at a low work load.
Chronotropic incompetence, coronary artery disease and prognosis. We have previously reported in a completely separate cohort of patients that chronotropic response is closely associated with the angiographic severity of coronary artery disease (22) . Furthermore, in a clinical population from a different institution, the chronotropic index, measured at peak exercise as in this study, has been found to improve the diagnostic capabilities of exercise electrocardiography (13) . Reports from the Framingham Heart Study have shown that in healthy community-based populations, chronotropic incompetence is a powerful and independent predictor of all-cause mortality and coronary heart disease risk, even as late as 8 years after exercise testing (1). However, no previous studies have focused on the ability of chronotropic incompetence to predict events after accounting for evidence of myocardial ischemia beyond ST-segment changes and for other potentially important echocardiographic predictors of risk, like myocardial scar or LV mass (23) (24) (25) . Thus, this study strengthens the view that chronotropic incompetence should be considered as an important prognostic indicator of risk beyond other exercise and echocardiographic findings.
Mechanisms. The mechanisms by which chronotropic incompetence predicts risk are unclear. This study shows that associated myocardial ischemia alone does not entirely explain the increased risk. Chronotropic incompetence may be reflective of a modulation of autonomic tone that reflects more severe cardiovascular perturbations, as in, for example, patients with moderate to severe congestive heart failure (26, 27) .
Limitations. The use of a stepped protocol may lead to overestimation of exercise work loads at different stages of exercise (28) ; therefore, in this study measurement of the chronotropic index was limited to peak exercise. Further studies will be necessary among patients undergoing gasexchange metabolic stress testing to confirm the association between chronotropic index, as measured in different stages of exercise, and risk. The end point assessed was a composite one that included some physician-determined end points, particularly late revascularization. Because there were only seven cardiac deaths and three nonfatal infarctions, detailed analyses on these very hard end points were not possible. We deliberately censored patients who underwent revascularization early after exercise (Ͻ3 months) to minimize bias related to physician interpretation of test results. We could have analyzed echocardiographic results in more detail, considering heart rate at ischemia and peak wall motion index, but opted not to because of problems inherent in the accuracy of their determinations (29) ; in contrast, looking at the presence of echocardiographic ischemia alone as a dichotomous variable has been clearly shown to accurately predict risk (9) . Finally, this study does not address the issue of whether chronotropic incompetence is a potentially modifiable risk factor. It is important to recognize that we are not suggesting that chronotropic incompetence is itself a cause of increased risk, but rather is strongly associated with the occurrence of adverse events.
Conclusions. Among patients referred for exercise echocardiography for evaluation of suspected coronary disease, chronotropic incompetence is a very powerful and independent predictor of risk, even after taking into account echocardiographic evidence of myocardial ischemia. The association between chronotropic incompetence and risk for major events meets accepted criteria for a valid epidemiologic relationship. The association was strong, with two-to threefold increases in risk. There is a temporal sequence, as demonstrated by the Kaplan-Meier plots, as well as a dose-response relationship: the worse the chronotropic response, as assessed using continuous variables, the higher the risk for events. The association persisted after adjusting for potential confounders. The results are consistent with those of previous investigations of healthy subjects and some specific patient populations. Finally, given what is known about perturbations of autonomic function and cardiovascular risk, the association is biologically plausible. Further studies will be needed to more precisely define the physiologic disorders underlying the increased risks associated with impaired chronotropic response.
